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A simple three-storey atrium building was modeled to investigate the development of buoyancy-driven natural ventilation airﬂows
induced by solar radiation and by the heat sources present on each ﬂoor of the building using a validated Computational Fluid Dynamics
(CFD) model. The Reynolds Averaged Navier–Stokes (RANS) modeling approach with the SST-k-x turbulence model and the Discrete
Transfer Radiation Model (DTRM) was used for the numerical solution. The steady-state governing equations were solved using a com-
mercial CFD solver FLUENT. The air ﬂow patterns, temperature distributions and the ventilation ﬂow rates as predicted by the CFD
model for this case study are presented in this paper. The ventilation ﬂow rates were compared in non-dimensional form with the ana-
lytical design curves found in literature developed through the use of an analytical approach for a simple geometry atrium building. It
was found that the CFD predictions agreed with the general trends described by the analytical model. The eﬀect of solar intensity on the
buoyancy-driven ventilation ﬂow rates and the temperature distributions during the day-light hours and at diﬀerent geographical loca-
tions was also investigated.
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Over recent decades natural ventilation has been widely
recognized as one means of achieving low energy building
design. Conventional ventilation systems based on mechan-
ical components consume electric power. Due to the world-
wide energy crisis, the need to reduce energy use in2212-6090 2013 The Gulf Organisation for Research and Development. Prod
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Production and hosting by Elsevierbuildings has increased interest in natural ventilation strat-
egies. Wind is the main cause of natural ventilation but in
the absence of wind, the alternative is to implement stack
pressure as the natural force to drive a ventilation ﬂow.
The diﬀerence between the external and internal pressures
is the stack pressure available which can be created natu-
rally by density diﬀerences to drive a ventilation ﬂow
through the building. Architectural features that can
enhance the stack eﬀect, for example, tall solar chimneys,
light wells or atria are sometimes employed. These struc-
tures potentially increase the height of the column of warm
air inside the buildings and, as a result, increase the stack
driving force drawing cooler air from the exterior – near
the bottom or sides of the building – and venting it out
after it has warmed from convective heat exchange with
the internal space of the building. Advanced stack-venti-uction and hosting by Elsevier B.V. Open access under CC BY-NC-ND license.
Fig. 1. Enclosure connected to an atrium. The shading represents the
warm air in the upper regions of the room and atrium (Holford and Hunt,
2003).
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energy for space conditioning than typical mechanically
ventilated buildings. The proper design of the natural ven-
tilation system must be based on the detailed understand-
ing of airﬂows within enclosed spaces governed by
pressure diﬀerences due to wind and buoyancy forces. At
the design stage, CFD modeling techniques can be utilized
to investigate the ventilation ﬂow rates, the temperature
distribution and the thermal stratiﬁcation within the venti-
lated space.
Simple building geometries such as a single ventilated
enclosure with openings connected to the exterior have
been the subject of much research in order to gain a deeper
understanding of the ventilation concepts (Linden et al.,
1990; Hunt and Kaye, 2001; Cook et al., 2003). The key
concern when devising these sorts of ventilation strategies
is whether suﬃcient ventilation will be generated. Presently
CFD methods are being increasingly employed for predict-
ing building airﬂows and testing natural ventilation strate-
gies e.g., see (Anne et al., 2001; Atif and Claridge, 1995;
Guohui, 2006; Josef et al., 2008; Kevin, 2007; Stavrakakis
and Koukou, 2008; Tahir and Osman, 2005; Tsou, 2001;
Oosthuizen and Lightstone, 2009). With the recent
advances in computing power, the process of creating a
CFD model and analyzing the results has become much
less labor-intensive, reducing the time and therefore the
cost. Compared to experimental and mathematical analy-
sis, CFD techniques can provide more detailed information
about velocity, turbulence and temperature distribution in
the ﬂow ﬁeld. This information can be used easily for the
thermal comfort analysis of the occupied areas of the build-
ings, e.g. see (Zhai, 2006; Jiang et al., 2004; Xin et al., 2009;
Walsh and Leong, 2004; Stamou and Katsiris, 2006; Run-
dle et al., 2011; Josef et al., 2008). In addition, these tech-
niques also allow the investigation of the eﬀects of the
geometrical design changes on the performance of the
building to be performed easily.
Ji (2004, 2007) studied the ﬂow characteristics (thermal
stratiﬁcation and airﬂow rates) of buoyancy-driven ventila-
tion in an atrium connected to single storey space by using
a CFD model. The numerical results were compared with
predictions of analytical models and small-scale experi-
ments. It was observed that the airﬂow patterns, tempera-
ture distribution and ventilation ﬂow rates predicted by the
CFD model agreed favorably with the analytical models
and the experiments. Cook and Lomas (1998) showed com-
parisons between analytical, experimental and CFD model-
ing of natural convection airﬂow in a single space with a
localized point heat source and openings connected to the
ambient environment. Allocca et al. (2003) investigated
the eﬀect of single sided natural ventilation for a stack of
rooms sharing a vertical ventilation space. A CFD model
was used to assess the eﬀects of buoyancy and wind on
the ventilation ﬂow rates and the indoor conditions. Pre-
dicted results were compared with empirical and analytical
solutions for the buoyancy-driven ﬂow. The researchers
considered heat sources from the rooms and noted thatthe CFD results were within 10% of analytical solutions
for buoyancy driven ﬂow.
Holford and Hunt, (2003) studied the ﬂow ﬁeld in a sin-
gle ventilated space connected to a tall atrium and devel-
oped simple analytical models which they validated using
small-scale salt bath experiments. It was shown that at
the design stage these techniques can be useful for under-
standing the ﬂow characteristics, including the likely venti-
lation ﬂow rate, fresh air distribution and temperature
distributions. To observe the applicability of the analytical
techniques suggested by Holford and Hunt, (2003), a sim-
ple three-storey atrium building was designed in the present
work to investigate the use of buoyancy-driven natural
ventilation. The theoretical features of these techniques
are described here brieﬂy:
The buoyancy-driven ventilation ﬂow rate in a heated
atrium building may be enhanced by increasing the depth
or temperature of the warm air that collects in the upper
region of the space. By considering a space with two small
ventilation openings separated by a vertical height, Dd,
(Fig. 1), a layer of cool ambient air of temperature T0,
and density q0, underlies a warmer layer of temperature
T = T0 + DT > T0 and density q = q0  Dq < q0, that
extends down a depth = H  h below the upper opening.
The hydrostatic pressure between the openings is:
Dpexternal ¼ q0gDd ðoutside the buildingÞ
Dpinternal ¼ q0gDd  Dqgh ðinside the buildingÞ
The diﬀerence between the external and internal pres-
sures is the stack pressure available to drive a ﬂow through
the space. In other words, the pressure diﬀerence associated
with the depth of the warm layer between the openings
drives the ﬂow. Fig. 1 shows an enclosure connected to
an atrium. The shading represents the warm air in the
upper regions of the room and atrium (Holford and Hunt,
2003).
The volume ﬂow rate Q of unidirectional ﬂow through
an opening of area, a, depends on the driving pressure drop
Dp across it and is given by:
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where cd is the discharge coeﬃcient and is determined
empirically. The discharge coeﬃcient is generally combined
with the opening area to deﬁne the eﬀective area,
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Morton et al. (1956) performed theoretical analysis of
the turbulent plume of buoyant ﬂuid above a point source,
of strength B, and noted that if the plume has no initial
momentum and volume ﬂux, then the volume ﬂux Q at a
height h above the source is related by:
QðhÞ ¼ cðBh5Þ1=3 ð3Þ
where c  0.14 and is a constant related to the entrainment
coeﬃcient a for a plume and B is the buoyancy ﬂux. In the
steady state, the volume ﬂux driven through the openings
by the stack pressure must equal the volume ﬂux in the
plume at the interface. Hence, the interface height (hstorey)
satisﬁes the equation:
hstorey
H
 5
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
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H
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where H is the storey height and Astorey is the eﬀective area
of the storey openings, related to the lower and upper sto-
rey opening eﬀective areas by the relation:
1
A2storey
¼ 1
A2storeylower opening
þ 1
A2storeyupper opening
ð5Þ
When the ﬂow is steady, the ﬂow rate in the plume in the
storey at the interface height (hstorey) equals the ﬂow rate
through the storey which is given by:
Qstorey¼ch5=3 ð6Þ
where c  0.14 and is a constant related to the entrainment
coeﬃcient for a plume. Ventilation ﬂow rates and interface
heights were non-dimensionalized based on the storey
parameters, choosing H as the length scale and (H/B)1/3
as the timescale where B is the buoyancy ﬂux. Non-dimen-
sional interface height is deﬁned as hH, where H is storey
height.
Non-dimensional volume ﬂow rate is deﬁned as:
Qstorey
cB1=3H 5=3
¼ hj
Hj
 5=3
ð7Þ
Non-dimensional total eﬀective area of the ﬂow path is
deﬁned as At
H2
where the total eﬀective area of the ﬂow path
(At) is deﬁned as
1
A2t
¼ 1
A2storey
þ 1
A2exhaust
ð8Þ
A ventilation strategy in which the same total eﬀective
opening area is used for each ﬂoor in a multi-storey build-
ing, an equation set, was derived by Holford and Hunt
(2003) in the following form:C3
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where subscripts 0, 1, and 2 represent ﬁrst, second and
third, storey respectively.
For a ventilation strategy to achieve the same ventila-
tion ﬂow rate for each storey, the equation was derived as
Ajt
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Using these equations, Holford and Hunt (Holford and
Hunt, 2003) developed design curves which were validated
against the salt bath experimental measurements for sizing
the ventilation openings in a multi-storey building con-
nected to an atrium. These equations indicate that the
interface height separating the buoyant upper layer at tem-
perature Tj, and the lower layer at ambient temperature T0,
depends on geometric factors such as the storey height, Hj,
the atrium height, M, the eﬀective areas of the storey, the
atrium outlet and the constant, c.
The purpose of the present study was to numerically
investigate the development of the buoyancy-driven natu-
ral ventilation airﬂow and temperature distributions
induced by solar radiation and heat sources present on
each ﬂoor of a simple atrium building by utilizing the val-
idated and tested CFD model. The CFD model was also
evaluated by comparing the numerical results obtained
against the design curves developed by Holford and Hunt
(2003) who considered more general cases for these types
of buoyancy-driven natural ventilation airﬂows.
2. Building description
The thermal environment in the atrium space of the
Engineering Building of Concordia University, Montreal
was previously studied by the authors using a CFD model
and the CFD predictions were validated against the exper-
imental data available e.g., see Refs. (Hussain and Oosthu-
izen, 2010, 2011a,b, 2012a; Hussain et al., 2011). Based on
the analysis of these previous studies (Hussain and Oosthu-
izen, 2010, 2011a,b, 2012a; Hussain et al., 2011) and keep-
ing in mind the possible use of the design curves developed
Table 1
Dimensions and areas of the atrium building.
Dimensions and areas
Atrium height 16.00 m
Atrium width 5.00 m
Atrium depth 6.00 m
Room height 4.00 m
Room width 6.00 m
Room depth 6.00 m
Facade glazing area 80.00 m2
Ground ﬂoor air supply (net) area 0.80 m2
First ﬂoor air supply (net) area 1.00 m2
Second ﬂoor air supply (net) area 1.60 m2
Atrium outlet opening (net) area 3.40 m2
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full-scale simple atrium building was modeled. The selected
geometry of the simple atrium building is shown in Fig. 2.
The signiﬁcant dimensions and areas of the building are
given in Table 1. The values of the climatic parameters used
in the CFD simulations are shown in Table 2. In order to
utilize the validated CFD model (Hussain and Oosthuizen,
2010, 2011a,b, 2012a; Hussain et al., 2011), the simulated
building was assumed to have the same location and orien-
tation as the Engineering building at Concordia University,
Montreal, Canada, i.e., 35 degrees west of south, with the
same kind of facade glazing surface facing southwest.
The atrium exhausts were located on the highest point in
the atrium and storey inlets and outlets on each storey were
located on the side walls of the rooms (Fig. 1). The inlets
and outlets were sized on each storey using the design
curves developed by Holford and Hunt (2003). The eﬀec-
tive atrium outlet opening area was selected to be equal
to the total inlet opening areas for each storey.3. Numerical solution procedures
3.1. CFD model
The airﬂow patterns and temperature distributions in
the atrium building are governed by the conservation laws
of mass, momentum and energy. The mathematical model
applied includes the numerical techniques to solve the con-
tinuity, Navier–Stokes (N–S), and energy equations for
incompressible, three-dimensional and turbulent ﬂow.
The general form of the momentum, turbulent kinetic
energy, turbulent energy dissipation, and energy (tempera-
ture for constant heat capacity) equations in the steady-
state form can be expressed in the general form as follows:Fig. 2. The simple three-storey atrium building.@ðqui/Þ
@xi
¼ @
xi
C/
@/
@xi
 
þ S/ ð11Þwhere variable (/) is (/) = (u), (v), (w), (k), (e), (h, T),
respectively, C/ is the diﬀusion coeﬃcient of the variable
(/) and Su represents the source terms including the pres-
sure terms, thermal source terms, etc., as appropriate for
the variable (/) being solved. It has been assumed that:
(a) single phase, steady-state ﬂow for a Newtonian ﬂuid ex-
its, (b) heat transfer at the walls by either conduction or
radiation is neglected, except at the glazing walls (c) stea-
dy-state atmospheric conditions exist, (d) wind velocity is
zero. A CFD model of a simple three-storied atrium build-
ing (see Fig. 2) was prepared using the commercial CFD
software FLUENT. For this model the key dimensions
are the atrium height (M = 16 m) and the storey height
(H = 4 m). Based on the atrium height, a Rayleigh number
for the system that is greater than 1.0  109 indicates the
onset of turbulence in the ﬂow ﬁeld. Consequently a turbu-
lence model was employed in the CFD simulations. When
the ﬁrst-order ﬂuid parameters are of main concern (e.g.,
mean temperature and ﬂow rate) rather than turbulent ﬂuc-
tuation details, generally two equation eddy-viscosity tur-
bulence models are thought suitable for modeling indoor
ﬂows. It was noted from previous studies (Hussain and
Oosthuizen, 2010, 2011b, 2012a,b; Hussain et al., 2011)
that the SST k-x turbulence model with the DTRM radia-
tion model is suitable for the present CFD simulations.
The numerical procedures followed in these previous
studies were utilized in the present CFD simulations. The
pressure coupling was treated using the SIMPLE algo-
rithm. The body force weighted scheme was used to discret-
ize pressure–velocity coupling. The second-order upwind
scheme was used to discretize the momentum, turbulent
kinetic energy, dissipation rate and energy conservation
equations. These were solved in a segregated manner.
The convergence of the solution was considered to have
been reached when the enthalpy residual was less than
0.1% and the ﬂow variables having low values of residuals,
say 103. The under relaxation factors for pressure, den-
sity, momentum, turbulence kinetic energy, turbulence dis-
sipation rate, turbulent viscosity, and energy (0.3, 1.0, 0.2,
Table 2
Solar irradiation and outside conditions in Montreal at 13:00 h on July 15,
2010.
Sun direction vector x y z
0.54 0.84 0.06
Sunshine fraction 1 (full shine)
Direct normal solar irradiation (at Earth’s surface)
[W/m2]
863
Diﬀuse solar irradiation – vertical surface (W/m2) 137
Diﬀuse solar irradiation – horizontal surface (W/
m2)
109
Ground reﬂected solar irradiation-vertical surface
(W/m2)
88
Outside heat transfer coeﬃcient (W/m2-C) 7.4
Outside air temperature (C) 25
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converged solution. Simulations were performed on a desk-
top PC with Intel Quad Core Processor (EM 64 T Family 6
Model 15 Stepping 11 Genuine Intel 3.0 GHz), 8 GB
Ram 1333 Hz, Windows XP Professional 64 bit SP2 Oper-
ating system and required approximately 24 h to complete
for the grid selected.
3.2. Radiation model
Heat transfer by thermal radiation is an extremely
important consideration in many modeling cases such as
the case being investigated here. To account for radiation,
radiation intensity transport equations (RTEs) are solved.
Local absorption by ﬂuid and at boundaries links RTEs
with energy equation. The solar radiation was considered
to transmit through the glazing facade wall and heat up
interior surfaces of the building, as well as partially
absorbed at the glazing facade wall. The solar calculator
was used to determine the sun’s location with the givenFig. 3. Mesh structure for CFD simulations (Mesh 2inputs of time, date and the global location. Solar irradia-
tion and outside conditions calculated at13:00 on July 15,
2010 are shown in Table 2. A solar calculator is also avail-
able in FLUENT to calculate the beam direction and
irradiation. The DTRM radiation model was found suit-
able to model the radiation for the present study. The main
assumption followed in the DTRM model is that radiation
leaving a surface element in a speciﬁc range of solid angles
can be approximated by a single ray. It uses a ray-tracing
algorithm to integrate radiant intensity along each ray
and is a relatively simple model. Accuracy can be increased
by increasing the number of rays to a wide range of optical
thicknesses.3.3. Boundary conditions
External climatic conditions aﬀect the architectural
design of naturally ventilated buildings. The internal air-
ﬂow pattern is the result of interaction between the indoor
and outdoor environment. In particular, natural ventila-
tion, and outdoor conditions strongly aﬀect the indoor air-
ﬂow pattern, and thus aﬀect the thermal sensation of the
occupants. In the present study the focus was to investigate
the use of buoyancy-driven natural ventilation during day
time, therefore numerical investigations were performed
under ﬁxed steady state outdoor climatic conditions with
an ambient temperature of 25 C at 13:00 h on July 15,
2010 which represents the weather data for the location
of the reference building while wind velocity was assumed
to be zero. The natural ventilation of the building was con-
sidered based on only buoyancy-driven natural ventilation
induced by the heat gains from the solar radiation and
other heat sources present in the building. For turbulence
the speciﬁcation method (intensity and hydraulic diameter)
was used and turbulence intensity (%) = 0.05 was applied) with an expanded view being shown on the left.
Table 3
Volume ﬂow rates at three ﬂoors using three mesh densities.
Floors Volume ﬂow rate (m3/s)
Mesh 1 Mesh 2 Mesh 3
Ground ﬂoor 0.42 0.42 0.42
First ﬂoor 0.42 0.42 0.42
Second ﬂoor 0.40 0.40 0.40
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were assumed to be located in the center of each ﬂoor to
match with the assumptions of the mathematical models
developed by Holford and Hunt (2003).
In practice, airﬂow inside the connected spaces is mixed
by conduction, convection and radiation heat transfer
eﬀects. In this work, conduction and radiation eﬀects were
only considered for the glazed facade wall while all the
other walls were assumed to be adiabatic to meet the
assumptions of the mathematical models developed by
Holford and Hunt (2003). All boundaries of the domain,
except the glazed facade surface, ventilation openings,
and heat sources were modeled as no-slip (uj = 0) wall
boundaries with zero heat ﬂux. The mixed thermal bound-
ary conditions were used for the glazed facade surface. One
of the most demanding aspects of heat transfer through the
glazed facade surface is the evaluation of the convection
heat transfer coeﬃcient. There are many diﬀerent correla-
tions in the literature to determine the external heat trans-
fer coeﬃcient for the buildings. Palyvos (2008) summarized
diﬀerent correlations found in the literature. On the basis
of thirty available linear correlations, Palyvos recom-
mended using the following correlation (Eq. (12)) to calcu-
late the heat transfer coeﬃcient (hc) for windward surfaces:
hc ¼ 4V w þ 7:4 ð12Þ
where Vw is wind velocity. With zero wind velocity, an
external heat transfer coeﬃcient value of 7.4 W/m2-K wasFig. 4. Prediction of vertical temperature proﬁle in the center of rooms for diﬀe
ﬂoor levels respectively.used. The optical properties of the glazed facade surface
(semi transparent), i.e., a solar transmittance of 36% and
an absorptivity of 17.5%, were the same as those used in
previous studies (Hussain and Oosthuizen, 2010, 2011a,b,
2012a; Hussain et al., 2011) of an existing atrium building
at Concordia University. The modeling of the glazed fac-
ade was simpliﬁed as a single glazed wall with an eﬀective
thermal conductivity of 0.0626 W/m2-K and a total overall
thickness of 24 mm. The radiation exchange between the
facade and the sky was also taken into account. The sky
temperature was calculated using the (Mills, 1999) correla-
tion, T sky ¼ ½eskyT out4 1=4 where the emissivity of the sky,
esky, was calculated using the relation,
esky = 0.727 + 0.0060 Tout with an ambient temperature
of Tout, of 25 C. The heat sources were modeled as a no-
slip wall boundary (2  2 m) located in the center of each
ﬂoor. In all cases the buoyancy ﬂux value, B, was assumed
to be 22.63  103 m4 s3 (a heat source of 823 W was as-
sumed approximately equivalent to four sitting persons
with desktop computers) on each room ﬂoor and
14.57  103 m4 s3 (a heat source of 530 W was assumed
approximately equivalent to seven resting persons) on the
atrium ﬂoor. A constant relative pressure of 0 Pa was used
across the room inlets and the atrium outlet.3.4. Mesh dependency test
The hexahedral cells were created with ﬁne mesh near
the walls of the simple three-storey atrium building
(Fig. 2) using the commercial software GAMBIT. The
grid along the vertical plane parallel to the facade glazing
surface is shown in Fig. 3. Three mesh densities were inves-
tigated: Mesh 1 (415,000 cells), Mesh 2 (812,000 cells, see
Fig. 3) and Mesh 3 (1,235,000 cells). In all meshes, more
cells were located where higher velocity and temperature
gradients were expected i.e., near walls, ventilation open-rent mesh densities, where 0, 4 and 8 m deﬁne the ground, ﬁrst and second
Table 4
Comparison of the numerical predictions and experimental measurements of indoor air temperatures using SST k-x turbulence model.
Y (m) Temperature T (C)
x = 5.96, z = 7 m x = 5.78, z = 1.05 m x = 8.81, z = 4.447 m
Measured Predicted % error Measured Predicted % error Measured Predicted % error
2.1 24 22.87 4.7 22.3 22.37 0.3 23 22.71 0.5
6.16 24.5 24.55 0.2 25.1 24.47 2.5 24.6 24.72 0.4
10.25 26.2 26.52 1.1 26.1 26.20 0.4 26.3 26.55 0.3
Table 5
Variation in the volume ﬂow rate of the buoyancy-driven ventilation in the left-hand side rooms of the building with the increase of inlet opening area in
each storey.
Inlet opening area on each
ﬂoor (m2)
Total eﬀective opening area
(At/H
2)
Volume ﬂow rate (m3/s) Air changes per hour (ACH)
Left-hand side rooms Left-hand side rooms
Ground ﬂoor First ﬂoor Second ﬂoor Ground ﬂoor First ﬂoor Second ﬂoor
0.2 0.0087 0.27 0.22 0.17 7 5 4
0.4 0.017 0.44 0.34 0.25 11 8 6
0.6 0.026 0.59 0.42 0.32 15 11 8
0.8 0.035 0.75 0.65 0.45 19 16 11
1 0.044 0.85 0.66 0.45 21 16 11
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plume in order to capture the details of the airﬂow in these
areas. The numerical results indicating the volume ﬂow
rates in the left-hand side rooms of the building using three
mesh densities are given in Table 3. Vertical temperature
proﬁle in the center of left-hand side rooms for diﬀerent
mesh densities is shown in Fig. 4 where 0 m, 4 m and 8 m
deﬁne the ground, ﬁrst and second ﬂoor levels respectively.
It can be seen that there is a very small diﬀerence between
the results obtained using the three meshes indicating that
the results are essentially mesh independent. Considering
both accuracy and computational time, it was decided that
Mesh 2 (812,000 cells) was suitable to accurately predict
volume ﬂow rate, airﬂow and temperature distributions
in the building. Approximately 10,000 iterations were
required for the cases considered here to meet the conver-
gence criteria.4. Results
The proposed general ventilation concept involves fresh
air being taken in from openings in the east and west facing
walls, passing through the occupant space, and ﬂowing out
from upper openings between the rooms and the atrium.
The air is ﬁnally exhausted from the atrium outlet at the
top of the building. It is assumed that the driving force is
the diﬀerence between the inside and outside temperatures
of the building without considering the aﬀects of external
wind. Buoyancy-driven natural ventilation is more complex
and diﬃcult to model because several parameters that are
involved are dependant and interdependent on the driving
force of the ventilation. To cover all of these parameters isbeyond the scope of the present paper. Here, factors such
as climate conditions, radiation intensity and various geo-
graphical locations were considered and will be discussed
in detail to elucidate the performance of buoyancy-driven
ventilation in the prototype residential building. Other
parameters will be investigated in future studies.4.1. Validation of the CFD model
The CFD model used in this work was validated in
recent studies i.e., see (Hussain and Oosthuizen, 2010,
2011a,b, 2012a; Hussain et al., 2011) for the prediction of
the airﬂow and temperature distributions in the atrium
space of an Engineering building of Concordia University,
Montreal, and an atrium building in Ottawa, Canada. The
validation was carried out by comparing the CFD predic-
tions against the experimental measurements. A close
agreement was found between the CFD predictions and
experimental measurements which demonstrates the ability
of the CFD model used to accurately predict three-dimen-
sional buoyancy-driven displacement ventilation ﬂows in
multi-storey spaces connected to a common atrium. For
the Concordia building, the average air temperatures along
the height of the atrium were predicted at 16:00 h on
August 1, 2007 and compared with the experimental data
obtained by Mouriki (2009). For example, a comparison
of the air temperatures predicted by the numerical model
used and the measured temperature values at diﬀerent loca-
tions in the atrium space of the Engineering building at
Concordia University Montreal, Canada is shown in
Table 4. The diﬀerence between the predictions and mea-
Fig. 5. CFD predictions of the eﬀect of increasing the inlet opening area (given in Table 5) on velocity (m/s) contours with the same inlet opening area for
each storey.
Fig. 6. CFD predictions of the eﬀect of increasing the inlet opening area (given in Table 5) on temperature (C) contours with the same inlet opening area
for each storey.
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situation where the same total eﬀective opening area (At/H
2) is used for each storey of the building.
Table 6
Volume ﬂow rates (m3/s) and air changes per hour (ACH) with diﬀerent inlet opening areas on each ﬂoor of the building.
Floors Inlet opening area (m2) Total eﬀective opening area (At/H
2) Volume ﬂow rate (m3/s) Air changes per hour (ACH)
Left side Right side Left side Right side
Ground ﬂoor 0.40 0.0170 0.42 0.42 12 12
First ﬂoor 0.50 0.0235 0.42 0.42 12 12
Second ﬂoor 0.80 0.0380 0.40 0.41 11 12
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Fig. 8. Comparison of the analytical results and the CFD predictions for the non-dimensional volume ﬂow rate where the openings were sized to give the
same ventilation ﬂow rate on each storey.
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Table 7a
Buoyancy-driven volume airﬂow rate with variation in internal heating load in the left-hand side rooms and atrium space of the building located in
Montreal at 13:00 h on July 15, 2010.
Left-hand side
rooms
Volume ﬂow rate
(m3/s) (100 W/m2)
Volume ﬂow rate
(m3/s) (200 W/m2)
Volume ﬂow rate
(m3/s) (300 W/m2)
Volume ﬂow rate
(m3/s) (400 W/m2)
Volume ﬂow rate
(m3/s) (500 W/m2)
Ground ﬂoor 0.39 0.42 0.45 0.47 0.49
First ﬂoor 0.39 0.42 0.45 0.47 0.49
Second ﬂoor 0.37 0.41 0.44 0.46 0.48
Table 7b
Buoyancy-driven volume airﬂow rate with variation in internal heating load in the right-hand side rooms of the building located in Montreal at 13:00 h on
July 15, 2010.
Right-hand side
rooms
Volume ﬂow rate
(m3/s) (100 W/m2)
Volume ﬂow rate
(m3/s) (200 W/m2)
Volume ﬂow rate
(m3/s) (300 W/m2)
Volume ﬂow rate
(m3/s) (400 W/m2)
Volume ﬂow rate
(m3/s) (500 W/m2)
Ground ﬂoor 0.39 0.42 0.45 0.47 0.49
First ﬂoor 0.39 0.42 0.45 0.47 0.49
Second ﬂoor 0.37 0.41 0.44 0.46 0.48
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(%), see Hussain and Oosthuizen (2012a).
A series of CFD simulations was run to investigate the
various ﬂow situations of buoyancy-driven ventilation in
the building considered here. The numerical results
obtained from the CFD simulations are presented in four
sections: Section 4.2 presents the results for the simulations
where the total eﬀective opening area, Ajt, is the same for
each storey. In Section 4.3 the results for the simulations
where eﬀective opening areas were sized to have the same
ventilation ﬂow rate in each storey are presented. Sec-
tion 4.4 presents the results for the variation in the internal
heat sources of the building. Section 4.5 describes the
results of the eﬀect of solar intensity on the ventilation vol-
ume ﬂow rate and in Section 4.6 the eﬀect of the geograph-
ical location of the building on the ventilation volume ﬂow
rate is presented.4.2. CFD simulations using the same inlet opening area in
each storey
The variation in volume ﬂow rate expressed both in (m3/
s) and in air changes per hour (ACH) of the buoyancy-dri-
ven ventilation in each room (on the left-hand side of the
building) with changes in the inlet opening area are given
in Table 5. The CFD results indicating the velocity and
temperature contours in the building with the same inlet
opening area in each storey and the eﬀect of the variation
of the inlet opening area on the velocity and temperature
contours are shown in Figs. 5 and 6 respectively.
It will be seen from Table 5 that with an increase in the
inlet opening area on each ﬂoor the ventilation ﬂow rate
increases until it reaches a maximum. The CFD predictions
of the volume ﬂow rate in the non-dimensional form using
Eq. (7) were compared with the analytical predictions
obtained using design curves developed by Holford and
Hunt (2003) for a simple geometry when the same eﬀectiveopening area (At/H
2) is used for each storey, the compari-
son being shown in Fig. 7. From the results it can be seen
that the CFD predictions of the volume ﬂow rates
expressed in non-dimensional form agree fairly well with
the general trends depicted by the design curves developed
analytically by Holford and Hunt (2003). However, some
discrepancies were observed, this is thought to be due to
the assumption in the analytical model that the buoyant
layer remains homogenous and hydrostatic for all interface
heights which was not the case in the CFD simulations as
the interface approached the ceiling. It is seen that the
lower storey has higher volume air ﬂow rate than the upper
storey, while the temperature of the stratiﬁed layer in the
upper storey is higher than that in the lower storey. From
the numerical results obtained, it was noted that increasing
the total eﬀective opening area for each storey resulted in
an increase in the volume ﬂow rate. The same observation
has been reported in the literature (Holford and Hunt,
2003). However, in order to obtain the same ventilation
ﬂow rate in each storey, the total eﬀective opening area
for each storey needs to be diﬀerent. The higher storey
requires a larger total eﬀective opening area than the lower
storey in order to compensate for the lower stack eﬀect.4.3. Openings sized to have same ventilation ﬂow rate in each
storey
The inlets in each storey are located on the side walls of
the rooms (Fig. 2). They were sized for each storey using
the design curves developed by Holford and Hunt (2003)
to have approximately the same ventilation ﬂow rate in
each storey. Table 6 shows the results of volume ﬂow rates
(m3/s) and air changes per hour (ACH) of the buoyancy-
driven ventilation with these diﬀerent total eﬀective open-
ing areas in each storey of the building and it was noted
that in each storey the ventilation ﬂow rates are almost
equal. The CFD predictions of the volume ﬂow rate
Fig. 9. Pressure (Pascal) (a), velocity (m/s) (b), turbulence intensity (%) (c) and temperature (C) (d) contours in the middle plane parallel to the facade
surface along the height of the building.
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with the analytical predictions obtained using the design
curves developed by Holford and Hunt (2003) and are
shown in Fig. 8. From the results it was found that theCFD predictions of the volume ﬂow rates expressed in
non-dimensional form agree well with the analytical design
curves on second ﬂoor but are under predicted on the ﬁrst
and ground ﬂoors. This discrepancy can be attributed to
Table 8
Global position and ambient temperatures of each location at diﬀerent dates.
Name of location Global position Outside temperature (C)
Latitude Longitude April 15, 2010 (13:00 h) July 15, 2010 (13:00 h) September 15, 2010 (13:00 h)
Calgary (Alberta) 51 114 12 23.8 12.9
Winnipeg (Manitoba) 50 90 9.9 22.3 16.1
Montreal (Quebec) 45 73 10.7 29.7 14.4
St. John’s (Newfoundland) 47 52 0 19.6 15.4
Fig. 11a. Contours of solar heat ﬂux (W/m2) on the facade, east wall and ﬂoor of the atrium at 13:00 h in Calgary (Longitude: 114, Latitude: 51) on
April, July and September 15, 2010 respectively.
Fig. 11b. Contours of solar heat ﬂux (W/m2) on the facade, east wall and ﬂoor of the atrium at 13:00 h in Winnipeg (Longitude: 90, Latitude: 50) on
April, July and September 15, 2010 respectively.
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higher on the ground and ﬁrst ﬂoors as compared to the
second ﬂoor which becomes diﬃcult to predict analytically.
However, the analytical design curves developed by Hol-
ford and Hunt (2003) are helpful in selecting the sizes of
inlet openings to have approximately same ventilation ﬂow
rates on each storey.
4.4. Indoor thermal load conditions
Here the volume airﬂow rates in the rooms and atrium
space are evaluated using diﬀerent heat-loading conditions.
In this part of the simulations, an ambient temperature of25 C at 13:00 h on July 15th, 2010 in Montreal is used.
Heat sources of 100, 200, 300, 400 and 500 W/m2 were
assumed which cover an area of 2  2 m in the center of
each ﬂoor of the building considered. All other walls except
the facade glazing wall were assumed adiabatic. The simu-
lation results for the thermal load conditions are presented
in Tables 7a and b. The results show that the change in air-
ﬂow rates in the rooms and the atrium is less than 0.05 m3/s
which in not as signiﬁcant as the change in airﬂow rates
caused by outdoor climate conditions discussed earlier.
The comparative results shown in Tables 7 reveal that in
the critical case, namely a high outdoor temperature and
high internal load, extra ventilation strategies are needed
Fig. 11c. Contours of solar heat ﬂux (W/m2) on the facade, east wall and ﬂoor of the atrium at 16:00 h in Montreal (Longitude: 73, Latitude: 45) on
April, July and September 15, 2010 respectively.
Fig. 11d. Contours of solar heat ﬂux (W/m2) on the facade, east wall and ﬂoor of the atrium at 16:00 h in St. John’s (Longitude: 52, Latitude: 47) on
April, July and September 15, 2010 respectively.
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fort level. Fig. 9a–d shows the contours of pressure, veloc-
ity, turbulence intensity, and temperature distributions in
the middle plane parallel to the facade surface along the
height of the building respectively with each heat source
of 200 W/m2 at each occupied area of the rooms and
atrium ﬂoor at 13:00 h on July 15th, 2010. Fig. 9a shows
the stack pressure developed which is the pressure diﬀer-
ence between the interior and exterior of the building cre-
ated naturally by density diﬀerences caused by warm air
generated inside the building due to solar heat gain and
heat sources present in the building. This pressure diﬀer-
ence drives ventilation ﬂow through the building by means
of thermal stack eﬀects. Fig. 9b shows velocity contours of
buoyancy-driven ventilation airﬂow and indicates the inﬂu-
ence of gravitational body forces on the velocity ﬁelds
within the rooms and the atrium space. It was seen that
in the presence of solar radiation, free convection eﬀects
are shown by the formation of air stream moving upward
around the hot surfaces. Strong stack eﬀect creates higher
inﬂow on the lower ﬂoors than the upper ﬂoors. Fig. 9c
presents turbulence intensity contours in the middle plane
parallel to the facade surface along the height of the build-
ing. The instantaneous velocity vector (u) can be decom-
posed into mean and turbulent components in the X, Y
and Z directions:ui ¼ Ui þ u0i ð13Þ
where Ui is the mean velocities and u0t is their turbulent
counterparts, with index i representing X, Y and Z.
The r.m.s of each velocity component, ui
r.m.s is deﬁned
as the standard deviation of ui and the normalized
r.m.s. velocity or turbulence intensity is deﬁned as
Ii = ui
r.m.s/Ui. The results show that turbulence intensity
values are nearly uniform along the vents with a ten-
dency of higher values near the outﬂow than the inﬂow
and in the regions where there is more mixing and circu-
lation of the airﬂow within the building. Fig. 9d shows
temperature distribution within the building. Higher air
temperature stratiﬁcation was observed near the ceilings
of the rooms and near the outlet in the atrium walls.
Lower temperature stratiﬁcation near the ﬂoors was
due to the strong convection. Based on all the contour
plots, the authors have carried out a detailed thermal
comfort analysis of occupants in terms of velocity, turbu-
lence intensity, temperature and thermal stratiﬁcation in
other papers i.e., see (Hussain and Oosthuizen, 2012b)
and (Hussain and Oosthuizen, 2013).
4.5. Eﬀect of Solar Intensity on buoyancy-driven airﬂows
To determine the ability of the CFD model to predict
the eﬀect of solar intensity on the buoyancy-driven air
Fig. 12a. Temperature (C) contours on the facade glazing surface at 13:00 h in Calgary on April, July and September 15, 2010 respectively.
Fig. 12b. Temperature (C) contours on the facade glazing surface at 13:00 h in Winnipeg on April, July and September 15, 2010 respectively.
Fig. 12c. Temperature (C) contours on the facade glazing surface at 13:00 h in Montreal on April, July and September 15, 2010 respectively.
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hourly intervals between 6:00 and 18:00 h. The outside
boundary conditions such as outside air temperature
and the positioning of the sun were adjusted for each
particular time using FLUENT solar calculator.
Fig. 10 shows the CFD predictions for the eﬀect of solar
intensity on the volume ﬂow rate (m3/s) on an hourly
basis in each storey from 6:00 to 18:00 h. It can be seen
that with increasing of solar intensity, the volume ﬂow
rate increases in the period 6:00–11:00 h and then
decreases in the period 11:00–18:00 h with the decrease
in solar intensity. The eﬀect of solar intensity also, of
course, depends on the direction and location of glazing
surfaces of the building.4.6. The eﬀect of the geographical locations on the buoyancy-
driven airﬂows
In order to investigate the eﬀect of the geographical
location on the buoyancy-driven ventilation ﬂow rates
the building was assumed to be located with the same ori-
entation in diﬀerent cities of Canada. Due to the diﬀerent
global location of each city, variation in the solar loading
was noticed in each case. The global position and the ambi-
ent temperature of each location at 13:00 h on diﬀerent
dates are shown in Table 8. The contours of solar heat ﬂux
(W/m2) on the glazed facade, east wall and ﬂoor of the
atrium were determined through CFD simulations at
13:00 on April, July and September 2010 in diﬀerent cities
and are shown in Figs. 11.
Fig. 12d. Temperature (C) contours on the facade glazing surface at 13:00 h in St. John’s April, July and September 15, 2010 respectively.
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cities considered varies approximately in the range 75–
220 W/m2. These variations in the solar heat ﬂux directly
aﬀect the predicted glazed facade surface temperatures
(C) as seen from the results shown in Figs. 12. These
results indicate that the average glazed facade temperatures
at 13:00 h on July 15, 2010 in Calgary, Winnipeg, St. John’s
and Montreal are approximately 43, 41, 37 and 33 C,
respectively. Solar intensity also varies with diﬀerent cli-
mates and geographical location of the building. The com-
bined eﬀect of the solar intensity at diﬀerent geographical
locations of the building and of the assumed internal heat
sources on the ventilation air ﬂow rates (m3/s) in each sto-
rey at 13:00 h on April, July and September 15, 2010 was
determined and the results are shown in Fig. 13. It was
noted with the variation of the geographical location, the
solar intensity varies. From the results of Fig. 13 it is seen
that where the building has higher glazed facade surface
temperatures (C) due to higher solar intensity, a greater
solar driven buoyancy eﬀect inside the building and accord-ingly an increase in the ventilation air ﬂow rate occurs. It is
concluded that solar assisted natural ventilation in an
atrium building in addition to other factors also depends
upon the geographical location and orientation of the
building which should be considered in the initial design
of an atrium building.
5. Conclusions
In this study, a simple three-storey atrium building was
modeled and the use of buoyancy-driven natural ventila-
tion induced by solar radiation and heat sources was inves-
tigated using a validated CFD model. Steady-state CFD
simulations of the buoyancy-driven natural ventilation air-
ﬂow and temperature distributions in the building were
carried out utilizing the SST k-x turbulence model and
the DTRM radiation model. The CFD predictions of the
volume ﬂow rate expressed in the non-dimensional form
were compared with the analytical predictions obtained
using the design curves developed by Holford and Hunt
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this study.
1. The design curves developed by Holford and Hunt
(2003) are useful in establishing the sizes of air inlet
and outlet vents to achieve equal ventilation ﬂow rates
in each storey of the atrium building.
2. CFD predictions of the volume ﬂow rates
expressed in non-dimensional form agree fairly with
the general trends depicted by the design curves devel-
oped by Holford and Hunt (2003). However, some
discrepancies were observed, this is thought to be
due to the assumption in the analytical model that
the buoyant layer remains homogenous and hydro-
static for all interface heights which was not the case
in the CFD simulations as the interface approached
the ceiling.
3. The temperature change and volume airﬂow rate change
caused by the internal thermal load is not as signiﬁcant
as that caused by outdoor climate conditions. Simula-
tion results show that the external ambient temperature
has a greater inﬂuence on the buoyancy-driven airﬂow
rate and on the temperature distribution inside the
building. The variation of internal thermal loads has lit-
tle inﬂuence (61 C or 0.05 m3/s) on the thermal envi-
ronment of the building.
4. In hot and humid weather, a building would require a
signiﬁcant height in order to induce a suﬃcient pressure
gradient caused by temperature diﬀerence for eﬃcient
buoyancy-driven ventilation.
5. Solar intensity and geographical location have consider-
able eﬀect on the buoyancy-driven ﬂow rate and temper-
ature distributions in the building.
6. CFD techniques can be applied to real buildings to pre-
dict airﬂow parameters such as stratiﬁcation depth,
buoyancy of the upper layer and ventilation ﬂow rate
provided that the eﬀective opening areas are accurately
represented.
7. The results of this study can be considered at the initial
design stage of an energy-eﬃcient atrium building in
order to obtain a comfortable indoor thermal environ-
ment. Based on this study, future research will include
wind speed and other climatic factors.
8. Overall, the proposed methodology provides a useful
procedure for building designers to quantify the buoy-
ancy-driven natural ventilation at the initial design stage
of an energy-eﬃcient atrium building. It should be men-
tioned that the CFD modeling approach introduced is
general and it can be used to analyze the indoor environ-
ment of a building by either turbulence modeling or
experimental measurements.
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